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Comparative analysis of linker
histone H1, MeCP2, and HMGD1 on
nucleosome stability and target site
accessibility
Caitlyn Riedmann & Yvonne N. Fondufe-Mittendorf
Chromatin architectural proteins (CAPs) bind the entry/exit DNA of nucleosomes and linker DNA to
form higher order chromatin structures with distinct transcriptional outcomes. How CAPs mediate
nucleosome dynamics is not well understood. We hypothesize that CAPs regulate DNA target site
accessibility through alteration of the rate of spontaneous dissociation of DNA from nucleosomes.
We investigated the effects of histone H1, high mobility group D1 (HMGD1), and methyl CpG binding
protein 2 (MeCP2), on the biophysical properties of nucleosomes and chromatin. We show that MeCP2,
like the repressive histone H1, traps the nucleosome in a more compact mononucleosome structure.
Furthermore, histone H1 and MeCP2 hinder model transcription factor Gal4 from binding to its cognate
DNA site within the nucleosomal DNA. These results demonstrate that MeCP2 behaves like a repressor
even in the absence of methylation. Additionally, MeCP2 behaves similarly to histone H1 and HMGD1
in creating a higher-order chromatin structure, which is susceptible to chromatin remodeling by ISWI.
Overall, we show that CAP binding results in unique changes to nucleosome structure and dynamics.
Eukaryotic genomic DNA compacted into chromatin, a DNA-protein complex, results in DNA binding proteins
being occluded from their target sites1–3. By virtue of physically blocking access of regulatory proteins, chromatin
regulates cellular processes that require DNA as a substrate4–6. Although ATP-dependent remodeling can account
for changes in chromatin structure, these changes are unable to explain how ATP-dependent DNA remodeling
proteins recognize and access their target sites buried within chromatin. Chromatin structure is dynamic and its
basic unit, the nucleosome, undergoes spontaneous fluctuations, termed ‘nucleosome breathing’7,8. This breathing
results in the transient dissociation of DNA from the histone octamer allowing target sites of regulatory proteins normally occluded by nucleosomes to become intermittently accessible to their DNA binding proteins3,9–11.
While the effect of factors such as histone post-translational modifications (PTMs) on nucleosome breathing have
been extensively studied8,12–17, the effect of chromatin architectural proteins (CAPs) on nucleosome breathing
has remained generally unexplored. We hypothesize that by binding the entry/exit DNA and the nucleosome
dyad18–20, CAPs alter the rate of nucleosome breathing, thereby adding another level of regulation on essential
biological functions.
CAPs are essential for maintaining cellular homeostasis as demonstrated by the fact that their expression levels are tightly controlled and CAP ratios have cell and tissue type specificity18,21–24. For example, mature neurons
express the CAPs linker histone H1 and methyl CpG binding protein 2 (MeCP2) at a 1:1 ratio24, a ratio unique
to mature neurons. Most tellingly, the mature neurons of patients with Rett Syndrome (RTT), who have loss of
function mutations in MeCP2 can also be distinguished by their altered expression levels of histone H1 (and the
corresponding change in ratio between the CAPs), coupled with widespread transcriptional deregulation24,25.
Nucleosome stability is frequently regulated through changes in their composition (e.g. DNA sequence,
PTMs, and histone variants). Studies on the effect of CAPs on nucleosome stability and dynamics are limited. For
instance, a few studies have been carried out to determine the effect of histone H1 on nucleosome dynamics26,
or the comparative effect of histone H1 and either HMGD117 or MeCP227 on nucleosome dynamics. Although
these studies revealed and quantified equilibrium aspects of the underlying behavior of CAPs and nucleosomes,
no direct comparative measurements have been made on the effect of histone H1, MeCP2, and HMGD1 on
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Figure 1. Nucleosomal construct used in FRET study (a) DNA construct used in our FRET studies46; contains
a 601 NPS, the Cy3 fluorophore (position 43), a Gal4 binding site shown as a blue bar (position 48–76), and
an extra 50 bp linker DNA at the entry/exit ends of the 601 NPS. (b) Structure of Cy3-Cy5 labeled nucleosome
construct adapted from7,8, showing the labels in relation to the DNA and histone octamer.

Figure 2. CAP-nucleosome binding . CAP-chromatosomes were created by titrating 0–250 nM of (a) histone
H1, (b) MeCP2, or (c) HMGD1 into 5 nM labeled nucleosomes. Once binding equilibrium was reached,
samples were run on a 5% native acrylamide gel to view CAP-chromatosome formation.

spontaneous DNA unwrapping or rewrapping. Here, we have used in vitro reconstitution to measure the biophysical properties of CAP-bound nucleosomes to reveal the mechanisms underlying the influence of CAPs on nucleosome and chromatin dynamics. For these studies, we chose the CAPs linker histone H1 (well-documented in
gene repression)19,20,28, HMGD1 (involved in gene activation)20,29,30, and the neural CAP MeCP2 (which activates
and represses transcription in mature neurons)20,22,24,30–34. We carried out a series of biophysical and biochemical
experiments to determine how these CAPs regulate nucleosome breathing dynamics and DNA target site accessibility in mononucleosomes and higher-order chromatin structures. We demonstrate that the binding of histone
H1 or MeCP2 traps the mononucleosome in a wrapped state and reduces DNA target site accessibility. Binding
of the activating CAP HMGD1 does not seem to affect FRET efficiency in this system. Interestingly, all three
CAPs mediated the formation of a higher-order chromatin structure that is susceptible to chromatin remodeling.
Our data sheds light on the in vivo requirements for CAP mediated changes in chromatin structure needed for
DNA-templated cellular processes.

Results

CAPs have unique binding properties to nucleosomes. To understand the effect of histone H1,
MeCP2 and HMGD1 on nucleosomes, we first determined if they bind to mononucleosomes with different
affinities. Purified recombinant CAPs (Supplemental Fig. 1) were titrated into a fixed concentration of purified
mononucleosomes (5 nM) (Supplemental Fig. 2a) with 24 base pair (bp) linker DNA on each side of the 601
nucleosome positioning sequence (NPS)35 (Fig. 1a–c). In vitro nucleosome purification typically results in a
heterogeneous population of nucleosomes (centered and off-centered positions), even when assembled on an
NPS sequence36. To ensure homogeneity of nucleosomes, we heated the samples at 55 °C for two hours, which
resulted in the most favorable centered position (Supplemental Fig. 2). Efficiency of CAP-specific chromatosome assembly was monitored by nucleoprotein acrylamide gel electrophoresis (Fig. 2a–c). We observed a concentration-dependent gel-shift, which differed among the three CAPS studied. Drosophila histone H1 caused
a shift between 10 nM and 15 nM, seen by the shift in the nucleosome band, with a further shift occurring at
50 nM of histone H1 (Fig. 2a). Aggregation occurred when concentrations greater than 75 nM of histone H1
were added (Fig. 2a). Concentrations between 25 nM and 50 nM of MeCP2 shifted the nucleosomes, with a super
Scientific Reports | 6:33186 | DOI: 10.1038/srep33186
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shift occurring at 50 nM and above (Fig. 2b). No aggregates were visibly observed at the experimental concentrations (1 nM–250 nM) (Fig. 2b). A Drosophila HMGD1 concentration between 1 nM and 5 nM caused a gel-shift,
with more laddering observed beginning at 10 nM, as evident with the bands just above the nucleosomal band
(Fig. 2c). This step-wise shift of nucleosome binding by HMGD1 is consistent with previous studies37. Overall,
these results demonstrate that under our experimental conditions, all three CAPs bind nucleosomes with similar,
yet distinct, profiles.

Histone H1 and MeCP2 binding modulates nucleosome breathing dynamics.

Since CAPs bind
to the entry/exit DNA of the nucleosome, we hypothesize that the binding of CAPs would stabilize either an open
or closed nucleosome conformation. To test this, we determined how nucleosome breathing dynamics change in
response to CAP binding. A previously described Cy3-Cy5 paired mononucleosome Förster resonance energy
transfer (FRET) system was used8. The nucleosome construct, has a Cy3 labeled 601 NPS with 50 bp entry and
exit linker DNA wrapped around a histone octamer with a Cy5 label on both copies of the H2A core histone
(Fig. 1). Since FRET efficiency is a measure of the distance between the Cy3 label on the DNA and the Cy5 label
on the histone octamer, changes in FRET efficiency can be attributed to the wrapping/unwrapping of the DNA
from the octamer core or sliding. CAPs are not known to slide nucleosomes along the DNA, so any change in
FRET efficiency is most likely due to a change in the wrapping/unwrapping of the DNA from the nucleosome.
Thus, based on our hypothesis, we predict that repressive chromatosomes (nucleosomes bound by a repressive
CAP) will stabilize the DNA around the histone octamer, trapping the nucleosome in a wrapped conformation
thereby leading to an increase in FRET efficiency. On the other hand, activating chromatosomes will either have
no effect on nucleosome breathing, resulting in no change in FRET signal, or will stabilize the opening of the
nucleosome resulting in a decrease in FRET efficiency.
To test this hypothesis, CAPs were titrated (1 nM–250 nM) into a fixed concentration (5 nM) of mononucleosomes. As expected, increasing the amount of the repressive CAP Drosophila histone H1 led to an increase
in the wrapping of the nucleosome evidenced by an increase in FRET signals with correlating increase in efficiency (Fig. 3a,b, Supplemental Fig. 3a). These results are similar to our recent studies on human histone H1.026.
Similarly, increasing amounts of MeCP2 led to an increase in FRET efficiency (Fig. 3c,d, Supplemental Fig. 3b),
suggesting that MeCP2 also traps the nucleosome in a wrapped conformation. In contrast, increasing amounts of
the activating CAP HMGD1 did not change the FRET efficiency (Fig. 3e,f, Supplemental Fig. 3c).
We next calculated the affinities of the binding effect by fitting the FRET efficiency values to a Hill binding curve. Due to the lack of measurable change in FRET efficiency upon HMGD1-chromatosome assembly,
only the data for histone H1 and MeCP2 chromatosome formation was analyzed (Fig. 3g). From these analyses,
less Histone H1 is required to trap the nucleosome in a wrapped conformation than MeCP2, exhibiting an S1/2
value of 12.09 ± 2.08 nM for histone H1 compared to 20.73 ± 4.98 nM for MeCP2 (Table 1). These values correspond with the range of concentrations of histone H1 and MeCP2 needed to bring about a noticeable gel shift
in our electromobility gel shift (EMSA) experiments (Fig. 2a,b). The observed S1/2 value for Drosophila histone
H1 is similar to our recent data of human histone H1.026. Furthermore, Drosophila histone H1 binding leads to a
higher FRET efficiency compared to MeCP2 (Fig. 3g), indicating that histone H1 is able to stabilize a more highly
wrapped nucleosome structure than the structure stabilized by MeCP2.

Histone H1 and MeCP2 alter DNA target site accessibility within nucleosomes.

Due to the
observed effects on the breathing dynamics of histone H1- and MeCP2- chromatosomes we asked if the binding
of these CAPs change DNA target site accessibility. To address this, a Gal4 binding site was incorporated into
positions 8–26 of the 601 NPS (equal to positions 58–76 bp of the full 247 bp construct) (Fig. 1a). The binding of
the model transcription factor (TF) Gal4 to its target sequence traps the nucleosome in a partially unwrapped
state and sterically prevents nucleosome rewrapping, thereby leading to a decrease in FRET efficiency38,39. We
first confirmed the binding of Gal4 to our mononucleosomal construct and the subsequent reduction in FRET
efficiency by titrating increasing amounts of Gal4 (0.1–300 nM) into 5 nM of mononucleosomes (Fig. 4a,b,
Supplemental Fig. 4a). Based on our hypothesis, repressive chromatosomes will limit the spontaneous breathing
of the nucleosome, thereby hindering Gal4 from binding its target site. This will result in a higher concentration
of Gal4 required to decrease the FRET efficiency compared to a nucleosome that is not stabilized by repressive
CAP binding. We tested this hypothesis in a dynamic environment by first trapping the nucleosomes in a wrapped
state with 15 nM histone H1 or 25 nM MeCP2 (based on their respective S1/2 values, Table 1) before Gal4 was
titrated into the sample (0.1–300 nM) (Supplemental Fig. 4b,c). We fit the FRET efficiency values to a Hill binding
curve to determine the S1/2 concentration of Gal4 needed to open the nucleosome (Fig. 4c, Table 2). When the
nucleosome was not CAP-bound (No CAP), the S1/2 value was 3.06 ± 0.14 nM Gal4 (Table 2). Consistent with
our hypothesis, when the nucleosome was stabilized with Drosophila histone H1 (histone H1-chromatosome)
the S1/2 value increased more than 4 fold to 12.75 ± 4.6 nM of Gal4. Similarly, MeCP2 chromatosomes required
12.16 ± 1.34 nM of Gal4 to drive the opening of the nucleosome (Table 2). These results demonstrate that both
histone H1 and MeCP2 trap the nucleosome in a wrapped state, inhibiting Gal4 from binding to its target site.
Furthermore, even in the presence of H1 and MeCP2, Gal4 is still able to bind within the nucleosome via DNA
unwrapping, however both CAPs regulate TF binding by suppressing the probability of the nucleosome being
partially unwrapped.

Higher-order chromatin structures mediated by CAPs are subject to chromatin remodeling. In

cells, nucleosomes are found within the context of a higher order chromatin structure dictated by CAPs18,20.
We therefore asked how the higher-order chromatin structure specified by the CAPs of interest affected DNA
target site accessibility. We used a previously described system whereby histone octamer is reconstituted with
a 3 kilobase (kb) DNA array template containing a 17-mer of the 601 NPS separated by 30 bp of linker DNA40
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Figure 3. Histone H1 and MeCP2 influence nucleosome breathing. CAPs were titrated into 5 nM Cy3-Cy5
paired FRET mononucleosomes to measure changes in nucleosome breathing dynamics due to CAP binding.
The CAP-chromatosome was excited with 510 nm light and the emission spectrum collected from 550–
750 nm. FRET efficiency was calculated using the RatioA method64,65. Arrows indicate direction of changes
in signal with Cy3 and Cy5. (a) Emission spectra and (b) the corresponding increase in FRET efficiency for
select concentrations of the Drosophila histone H1 titration into labeled nucleosomes. (c) Emission spectra
and (d) the corresponding changes in FRET efficiency for select concentrations of the MeCP2 titration into
labeled nucleosomes. (e) Emission spectra and (f) the corresponding changes in FRET efficiency for select
concentrations of HMGD1 titration into labeled nucleosomes. Normalized spectral graphs (to Cy3 emission)
for select concentrations of CAPs are in Supplementary Fig. 3 to visualize the change in Cy5 emission. (g) The
FRET efficiency measurements were plotted on a semi-log graph based on CAP concentration and fit to a Hill
binding curve (shown are curves fitted with or without Hill coefficients). Due to the lack of measurable change
in FRET efficiency upon HMGD1 binding, no Hill curve was drawn. Note: Error bars for all graphs are the
standard deviation of 3 replicates.

CAP

S1/2 (nM)

Hill Coefficient

Histone H1

12.09 ±  2.08

1.55 ±  0.38

MeCP2

20.73 ±  4.98

1.59 ±  0.46

HMGD1

N/A

N/A

Table 1. S1/2 values for the binding of CAPs to mononucleosomes. FRET efficiency values, with standard
deviation from duplicate experiments, were fit to a Hill binding curve to determine S1/2 value of CAP binding.
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Figure 4. Histone H1- and MeCP2-chromatosomes hinder Gal4 from binding its target site within
mononucleosomes. (a) Fluorescence emission spectra of Cy3-Cy5 labeled mononucleosomes with increasing
concentrations of Gal4 (Normalized to Cy3 emission spectral graphs for select concentrations are in
Supplemental Fig. 4). As Gal4 binds to its target site, the Cy5 emission decreases leading to a decrease in FRET
efficiency (b). (c) The normalized FRET efficiency measurements (complete spectra graphs are in Supplemental
Fig. 3) of a Gal4 titration into mononucleosomes not stabilized by CAP, bound with 15 nM histone H1, or 25 nM
MeCP2 were plotted on a semi-log plot based on Gal4 concentration. Note: the concentrations for CAPs used,
were based on their pre-determined S1/2 values (Table 1). Values represent averages of duplicate or triplicate
experiments and error bars depict the standard deviations of the mean.

Chromatosome

S1/2 (nM Gal4)

Hill Coefficient

No CAP

3.06 ±  0.14

−3.76 ±  2.16

15 nM Histone H1

12.75 ±  4.60

−1.18 ±  0.48

25 nM MeCP2

12.16 ±  1.34

−1.47 ±  0.22

Table 2. The S1/2 values of Gal4 binding to nucleosomes not stabilized by CAP, stabilized by 15 nM histone
H1, or stabilized by 25 nM MeCP2. FRET efficiency values, with standard deviation from duplicate or triplicate
experiments, were fit to a Hill binding curve to determine the S1/2 value for Gal4 binding to nucleosomes not
bound by CAP or bound by histone H1 or MeCP2.

following previous protocols (Supplemental Fig. 5a)41,42. Excess protein and buffering DNA was removed through
a 5–40% sucrose gradient purification, retaining the CAP-specific chromatin structures (Supplemental Fig. 5b,c).
We subjected each array preparation to the described quality controls to assure nucleosome occupancy. We controlled for the proper positioning and occupancy of the 601 sequences by histone octamers and CAPs by digesting
the arrays with AvaI, which cuts within the linker DNA between the 601 NPSs, (Supplemental Fig. 5d). The ratio
of mononucleosomal DNA to free DNA serves as a measure of the degree of saturation. The control template (No
CAP) and the CAP arrays were equally saturated with octamers (Supplemental Fig. 5d lanes 2–5). The degree
of saturation was calculated to be about 90% (No CAP-, histone H1-, MeCP2-, and HMGD1-arrays). We also
validated that these were CAP-specific chromatosome arrays by running the chromatin arrays on an SDS-PAGE
gel and staining with coomassie blue to confirm incorporation of the input CAPs and histones (Supplemental
Fig. 5e). This scaled-down chromatin structure was subjected to a restriction enzyme accessibility assay43,44.
We tested for the accessibility of two restriction enzymes: BamHI and PstI, located at positions 5 and 49
respectively of the central NPS (Fig. 5a). Chromatin accessibility by these enzymes is measured by comparing the
restriction enzyme-dependent decrease in band intensity of the full-length array DNA (3 kb) with a concomitant
increase in the cleavage product (1.5 kb), which is half the length of the full array. Both restriction enzymes work
under conditions containing Mg2+, which in itself compacts nucleosomal array in vitro. Our experiments were
carried out in 1 mM Mg2+ and under this condition, nucleosomal arrays in vitro undergo a reversible compaction
Scientific Reports | 6:33186 | DOI: 10.1038/srep33186
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Figure 5. CAP-mediated higher order chromatin structures are susceptible to chromatin remodeling by
ISWI. (a) Scheme of the 3055 bp DNA construct containing a 17-mer array of 601 NPS separated by 30 bp
linker DNA. The array DNA comprised 17 repeats of a NPS harboring the Widom-601 nucleosome positioning
sequence (dashed line). Numbers indicate positions of restriction enzyme sites with respect to the nucleosome
boundary46. (b) Remodeled and non-remodeled (ISWI or no ISWI) chromatin samples were digested with
BamHI. ImageQuant imaging software was used to measure the intensity of the full and digested array DNA.
These values were used to determine the percent uncut. (c) After ISWI remodeling, chromatin samples were
digested with PstI and imaged on an agarose gel. Digestion amount quantified using band intensity, accounting
for non-saturated arrays and were compared to No CAP chromatin. Error bars are the mean ±  standard
deviation.

resembling compaction of native chromatin fibers in vivo45. Since this ionic environment is the same in all experiments, any observed change in digestion would be caused by a difference in chromatin structure induced by CAP
binding.
For the BamHI digest, the arrays were all exposed to predetermined concentrations of BamH1 (40 units of
BamHI for an hour). Digested arrays were deproteinized, ran on an agarose gel with subsequent quantification of
the resultant bands. Our results show BamHI digested about 20% of the arrays (Fig. 5, Lanes 1, 3, 5 & 7). At first
this was surprising based on our controls above with AvaI digests, which showed that >90% of the arrays were
completely saturated (Supplemental Fig. 5d). On the other hand, it is known that during the processing of arrays
about 10% of histones fall off the sequences46. Furthermore, salt dialysis in vitro reconstitutions result in irregularly positioned arrays, which can be remodeled by ISWI into regularly-positioned arrays36,47. We therefore asked
if remodeling of these arrays by ISWI would ameliorate the differences in restriction enzyme digest. Interestingly,
while BamHI digestion of No CAP array resulted in slight but not significant differences in digest before and
after remodeling (Fig. 5b; Lanes 1 & 2). However when chromatosome arrays were remodeled with ISWI, we
observed significant protection from BamHI digest (Fig. 5b, compare Lanes 3–4; 5–6; 7–8). These results suggest
that CAP-dependent structures play a role in chromatin remodeling by ISWI, resulting in regularly spaced arrays.
Our results are consistent with previous studies showing that ISWI regulates higher-order chromatin structure by
promoting the assembly of H1-containing chromatin48,49.
Next, we tested the accessibility of PstI, whose site on the NPS, near the entry/exit site, is a better representation of a TF binding site in vivo50–52. Thus, we used the accessibility and digestion of the PstI site, located on 1–6 bp
from the start of the NPS of the central nucleosome (Fig. 5a) as a measure of TF accessibility, similar to Gal4 in
the mononucleosome studies (Fig. 4). Due to its proximity to the end of a nucleosome, we predict that this site
will be more easily accessible and therefore be cleaved more. Since remodeling by ISWI results in a more regular
chromatin structure, we tested the accessibility of PstI under remodeled conditions. PstI digestion in No CAP
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chromatin array was higher, as expected, while it was reduced in the CAP-chromatosome arrays (Fig. 5c). We did
not observe any significant differences in PstI digest after remodeling among the three CAPs. We also show as a
control that the presence of CAPs and ISWI did not prevent these restriction enzymes from digesting their sites
on the array DNA (Supplemental Fig. 6). We conclude that ISWI remodels CAP-dependent structures containing
physiological amounts of histone H1, MeCP2, and HMGD1.

Discussion

Many aspects of chromatin structure, including the contributions of histone H1 and HMGD1, have been characterized; however, to date, the present study is the first comparative analysis of histone H1, MeCP2, and HMGD1
on nucleosome dynamics and DNA accessibility within nucleosomes and chromatin. These studies demonstrate
that the binding of these three CAPs facilitate different mononucleosome ‘breathing’ and DNA target site accessibility profiles that imply their gene regulatory outcomes. The proteins studied share several nucleosome binding
characteristics: they bind entry/exit and linker DNA, they compete for binding to this site, and they result in
changes to the transcription17,27. Our studies clearly show that both Drosophila histone H1 and human MeCP2
traps the mononucleosome in a compact state and reduce target site accessibility. We also demonstrate that
HMGD1 binding does not affect ensemble FRET efficiency.
MeCP2, named for its ability to bind methylated DNA, is present at about equal amounts to histone H1 in
mature neurons24,53 and competes with histone H1 for nucleosome binding54,55. We found that similar to histone
H1, MeCP2 stabilizes a closed mononucleosome conformation (Fig. 3), reduces the target accessibility of mononucleosomal DNA (Fig. 4), and reduces accessibility in chromatin arrays to restriction enzyme digestion at about
an equal level to histone H1 (Fig. 5). How these proteins are recruited to particular chromatin regions is still
unknown. It is possible that MeCP2 is recruited to particular nucleosomes by methylation, increasing its affinity
for binding, and therefore becoming an even more potent repressor. However, future studies are needed to verify
this idea. HMGD1 on the other hand, had no measurable effect on the dynamics of a breathing nucleosome as
measured by FRET (Fig. 3). Since these are in vitro measurements, it is possible that in vivo, the interplay of CAPs
with other epigenetic factors is required for robust chromatin changes in DNA accessibility.

Chromatin remodeling in the presence of CAPs. Studies have shown that in the absence of histone
H1, chromatin folds into irregular arrays, rather than into the more highly-ordered 30-nanometer fibers characteristic of native chromatin56,57. These observations imply that CAPs contribute to the free energy of chromatin
folding, and that they help select a single folded state from among the set of compact states that may be reached
in its absence. Our data shows that in the presence of remodelers, CAPs contribute to stabilizing a regular array
structure (Fig. 5b). Thus, it is possible that by biasing nucleosome positioning, CAPs could modulate the accessibility of nucleosomal DNA sites. Alternatively, by binding to DNA at the entry/exit sites of the nucleosome, CAPs
could modulate the spontaneous unwrapping of DNA from the nucleosome or alter the fraction of time that the
DNA is unwrapped and accessible (Fig. 4). Previous results have also shown that the addition of histone H1 to
chromatin can switch SWI/SNF remodeling from favoring end positions to favoring central positions58. Thus,
the results presented here indicate that histone H1, MeCP2, and HMGD1 can also influence the specificity of
nucleosome repositioning (Fig. 5). In contrast, a recent study showed that HMGB1 (a human HMGD1 homolog)
increased the rate of repositioning by the ISWI ATPase or two complexes based on it (ATP-utilizing Chromatin
Assembly and Remodeling Factor [ACF] and Chromatin Accessibility Complex [CHRAC]), but did not change
the resulting octamer location59. Taken together, these observations suggest that different chromatin associated
proteins might regulate transcription by differentially modulating chromatin remodeling complex action and our
data suggest that CAPs could also be playing a role.
Biological consequences of histone the incorporation of histone H1, MeCP2, and HMGD1 into
chromatin. During early development in higher eukaryotes, HMG1 is the only CAP present, allowing for

rapid replication and transcription of genes60. As development progresses, histone H1 expression increases resulting in functional, specialized chromatin domains necessary for cell type-specific gene expression. While most
cells and organisms have between 0.5 and 1 histone H1 protein per nucleosome61, the amount of CAPs differ
among cell types and developmental stages61–63. One possible explanation for the changes in relative abundance
of CAPs and the corresponding transcriptional changes necessary throughout development and differentiation
is that CAPs are regulated through an equilibrium mechanism in which final transcriptional activity depends
not only on the abundance and affinity of transcription factors, but also on the abundance and affinity of CAPs.
Since CAPs compete with each other for nucleosome binding, the interplay between relative CAP concentrations
may determine which CAP is localized to the chromatin at any given genomic region in vivo. This may not be
as simple as it sounds. For instance, in histone H1 knockdown cells we observed HMGD1 occupying previously
bound histone H1 promoters, with no correlation in increased gene expression20. On the other hand, in HMGD1
knockdown cells, previously bound HMGD1 promoters became occupied by histone H1, with a consequent
decrease in gene expression20. We hypothesize that in vivo the relationship between CAPs and transcriptional outcome is not straightforward, as other epigenetic factors can influence these effects, either by reducing or enhancing the consequences of CAP binding. Since CAPs are predicted to assemble a distinct higher-order chromatin
structure, genomic chromatin will not be structurally homogeneous, but rather, partitioned into many different
micro-domains dictated by the specific protein composition of the region in question. Thus, the presence of CAPs
may be essential in providing the functional specialization of chromatin domains within different cell-types and
lineages.
In these studies, we determined the effect of histone H1, MeCP2, and HMGD1 on nucleosome and chromatin
structures to show the unique structural contributions provided by each CAP. Our in vitro data sheds light on
the in vivo alterations in chromatin structure produced by CAPs and provides a way to ascertain the nuanced
Scientific Reports | 6:33186 | DOI: 10.1038/srep33186
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differences in CAP binding to nucleosomes/chromatin and the DNA accessibility within these chromatosome
structures. Such studies contribute critical information for understanding the epigenetic roles played by CAPs,
histone PTMs, and DNA methylation in the fine-tuning of chromatin mediated gene regulation within the cell.

Materials and Methods

Protein purification. Drosophila histone H1, HMGD1, and human MeCP2 cDNAs were amplified and
cloned into the Champion pET SUMO system (Invitrogen) for protein expression. Studies were carried out
according to manufacturer instructions. Briefly, the cell pellet was resuspended in Buffer A (25 mM Tris-HCl
pH 8.0, 150 mM NaCl, 1 mM PMSF, and 5 mM Imidazole) and broken with a French press. The crude homogenate was centrifuged at 30,000 × g for 45 minutes at 4 °C, and the supernatant filtered through a 10 ml nickel
column (His Select resin from Sigma) by gravity. The column was washed twice with 100 ml of Buffer B (NaCl
in 25 mM Tris-HCl pH 8.0) and then with Buffer A2 (buffer A with 0 mM PMSF) until the wash fraction exhibited an OD280 of 0.02 or less. Bound proteins were then eluted with 125 mM imidazole. The His6-SUMO tag
was removed from the proteins through overnight digestion at 4 °C with SUMO protease and dialyzed against
buffer A2. HMGD1 was further purified on a HiTrap Heparin HP column (GE Healthcare) with a 0–1 M NaCl
gradient (eluted at ~400 mM NaCl). Histone H1 and MeCP2 were further purified on a Mono S cation exchange
column (GE Healthcare) using a 150 mM–800 mM NaCl gradient (histone H1 and MeCP2 eluted at ~600 mM
NaCl). MeCP2 was further purified on a chitin column (NEB). MeCP2 was washed with a 1 M NaCl solution, and
eluted with 50 mM DTT, 200 mM NaCl in potassium phosphate buffer, pH 7.5. Amicon Ultra centrifugal filters
(Millipore) were used to buffer exchange and concentrate the proteins to ~0.5–1 mg/ml. Histone H1 was stored
in a 200 mM NaCl solution, MeCP2 in a 500 mM NaCl solution, and HMGD1 in a 200 mM NaCl solution (for
protein stability).
Histone octamer labeling. H2A (K119C) histone octamer was labeled with Cy5-maleamide (GE
Healthcare) as previously described15, with labeling efficiency of 85%. Briefly, lyophilized histones were unfolded
in unfolding buffer (7 M Guandinium, 10 mM DTT) at a concentration of 5 mg/mL for 1–3 h, and then spun
to remove aggregates. Absorption at 276 nm was measured for each unfolded histone to determine concentration. Histones were combined in a ratio of H2A:H2B:H3:H4 of 1.2:1.2:1:1 then refolded by double dialysis into
refolding buffer. The refolded octamer was labeled with Cy5 maleamide chemistry as previously described15, then
purified over a Superdex 200 (GE Healthcare) gel filtration column to remove excess dimer, tetramer, and dye. The
purity of each octamer was confirmed by SDS-PAGE and labeling efficiency determined by UV-VIS.
Gel shift assays. CAPs (0–250 nM) were incubated with 5 nM mononucleosomes (pre-heated at 55 °C for
2 h) in 130 mM NaCl, 10% glycerol, 10 mM Tris HCl pH 8, and 0.005% Tween 20 in 0.5×TE (5 nM and 0.5 mM
EDTA pH 8.0) at room temperature for 3 min. The mixture was loaded onto a pre-run 5% native polyacrylamide
gel in 0.3×TTE (Tris-Taurine-EDTA) and electrophoresed at 300 V for 2 h.
FRET measurements and efficiency analysis.

Reactions (20 μl) containing 5 nM Cy3-Cy5 labeled
nucleosomes, CAP, and/or Gal4 in 130 mM NaCl, 10% glycerol, 10 mM Tris HCl pH 8, and 0.005% Tween 20 in
0.5×TE were excited at 510 nm (Cy3-donor) and 610 nm (Cy5-acceptor), and the emission spectra was measured from 530–750 nm and 630–750 nm respectively using a Fluoromax-4 (Horiba) photon-counting steady state
fluorometer at room temperature. MATLAB R2013b was used to integrate the donor emission data (656–674 nm)
for both direct excitation and excitation due to energy transfer to determine the FRET efficiency using the RatioA
method64,65. All measurements were taken in duplicate or triplicate and standard deviation used as a measure of
uncertainty.

Protein affinity determination. CAP binding was detected by measuring the change in FRET efficiency:

histone H1 and MeCP2 produced an increase; Gal4 binding led to a decrease. SigmaPlot Version 13.0 was used to
fit the FRET efficiency as a function of protein concentration to a Hill binding curve Y =  Emin + (Emax − Emin)/(1 +
([titrant]/S1/2) ^ (-Hill coefficient)). Emin is the minimum FRET efficiency measured, Emax is the maximum FRET
efficiency measured, [titrant] is the concentration of titrant in nM, S1/2 is the concentration of titrant needed to
bring about half the change in FRET efficiency (in nM).

In vitro chromatin and chromatosome array reconstitution and purification.

Mononucleosome
and 17-mer arrays were formed by combining DNA and purified proteins in 2 M NaCl and 1 mM BZA in 0.5×
TE and placed in double dialysis against 1 mM BZA in 0.5×TE at 4 °C (first dialysis for a minimum of 6 h, second dialysis overnight)42. Reconstituted chromatin was purified from excess reactants (free DNA/protein) using
sucrose gradients in a Beckman Optima XPN-90 Ultracentrifuge. The fractions containing the desired product
were pooled and a 30,000 NMWL Amicon Ultra centrifugal filter (Millipore) was used to remove residual sucrose
and concentrate the chromatin to desired concentration. For mononucleosomal reconstitution: PCR amplified DNA containing the 601 sequence and linker was added at a 0.85:1 molar ratio to human histone octamer.
After salt dialysis the reconstituted mononucleosomes were purified on a 5–30% sucrose gradient centrifuged at
41,000 × rpm for 22 h. For 17-mer chromatin/chromatosome array: human histone octamer (a kind gift from the
Luger laboratory) and specified CAP was added to DdeI (NEB) digested 17-mer plasmid at a stoichiometry of
23(CAP):23(histone octamer):1(17-mer array). The DdeI digested plasmid43 contains the 3,055 bp array DNA,
generating a 17-mer tandem repeat of the 601 NPS separated by 30 bp linker DNA and seven shorter DNA fragments, which serve as buffering DNA aiding in minimizing non-specific aggregation of the arrays43 of lengths
653, 535, 421, 404, 245, 230, and 161 (Supplemental Fig. 5). Reconstituted chromatin was loaded onto a sucrose
gradient % and centrifuges for 8 hours at 39,000 rpm as above.
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Quality control of higher-order chromatosome arrays. Coomassie staining to characterize the protein

content within the arrays. Purified chromatin and chromatosome arrays were precipitated with 5 mM MgCl266
and heated at 90 °C in 1×SDS loading buffer and separated an 18% SDS denaturing polyacrylamide gel. The gel
was stained with coomassie blue and the band intensities were measured using the Odyssey Infra Red Imaging
system (Li-Cor).

AvaI digests to characterize the arrays. Purified chromatin and chromatosome arrays (100 ng based on their
DNA content at 260 nm) were digested into monomers with 15 U AvaI (NEB) at 37 °C in 50 mM Potassium
Acetate, 20 mM Tris-acetate, 10 mM Magnesium Acetate, and 1 mM DTT at pH 7.9 (20 μl final volume). The
reactions were run on a 5% native polyacrylamide gel in 0.5×TBE (Tris-Borate-EDTA). Arrays had more than
90% saturation as measured by the comparison of the 200 bp fragment (naked DNA) and the ~400 bp fragment
(nucleosomal fragment)67.

Restriction enzyme accessibility assay. The restriction enzyme accessibility assay was performed with
some modification as described44,68. 100 ng of the chromatin array (based on DNA content) was digested with
40 U of BamHI (NEB) or 5 U of PstI (NEB) for 1 h or 15 mins respectively at 37 °C in 100 mM NaCl, 50 mM
Tris-HCl pH 8.0, 1 mM DTT, and 1 mM MgCl2. Reactions were stopped with 1.5 mM EDTA pH 8.0 followed
by Proteinase K digestion for 1 h at 37 °C43. The DNA was run on a 1% agarose gel with 0.2×GelStar in 1× TAE
(Tris-Acetic Acid-EDTA) at 100 volts for 1 h.
Chromatin remodeling reactions. For probing nucleosomal array accessibility, 25 ng of chromatin or
chromatosome arrays (based on DNA) were incubated with +/−300 nM of ISWI and 2 mM ATP in 100 mM
NaCl, 50 mM Tris-HCl pH 8.0, 1 mM DTT, and 1 mM MgCl2 for 1 h at 27 °C, followed by adding either 40 U of
BamHI (NEB) or PstI (NEB) and allowed to digest for 1 h or 15 min respectively at 37 °C. Reactions were stopped
with 1.5 mM EDTA, followed by Proteinase K digestion for 1 h at 37 °C. Samples were electrophoresed on a 1%
agarose gel with 0.2×GelStar in 1×TAE at 100 volts for 1 h.
Gel staining and imaging. All gels were stained with GelStar (Lonza) and imaged on a Typhoon FLA 9500
from GE Healthcare using the ECF filter. Band intensities were quantified using ImageQuant.

References

1. Richmond, T. J., Finch, J. T., Rushton, B., Rhodes, D. & Klug, A. Structure of the nucleosome core particle at 7 A resolution. Nature
311, 6 (1984).
2. Karolin Luger, A. W. M., Richmond, Robin, K., Sargent, David, F. & Richmond, Timothy J. Crystal structure of the nucleosome core
particle at 2.8A resolution. Nature 389, 10 (1997).
3. Polach, K. J. & Widom, J. Mechanism of protein access to specific DNA sequences in chromatin: A dynamic equilibrium model for
gene regulation. Journal of molecular biology 254, 130–149 (1995).
4. Segal, E. et al. A genomic code for nucleosome positioning. Nature 442, 772–778, doi: 10.1038/nature04979 (2006).
5. Field, Y. et al. Gene expression divergence in yeast is coupled to evolution of DNA-encoded nucleosome organization. Nature
genetics 41, 438–445, doi: 10.1038/ng.324 (2009).
6. Routh, A., Sandin, S. & Rhodes, D. Nucleosome repeat length and linker histone stoichiometry determine chromatin fiber structure.
Proceedings of the National Academy of Sciences of the United States of America 105, 8872–8877, doi: 10.1073/pnas.0802336105
(2008).
7. Li, G., Levitus, M., Bustamante, C. & Widom, J. Rapid spontaneous accessibility of nucleosomal DNA. Nature structural & molecular
biology 12, 46–53, doi: 10.1038/nsmb869 (2005).
8. Li, G. & Widom, J. Nucleosomes facilitate their own invasion. Nature structural & molecular biology 11, 763–769, doi: 10.1038/
nsmb801 (2004).
9. Simpson, R. T. Mechanism of a reversible, thermally induced conformational change in chromatin core particles. Journal of
Biological Chemistry 254, 10123–10127 (1979).
10. Yager, T. D., McMurray, C. T. & Van Holde, K. E. Salt-induced release of DNA from nucleosome core particles. Biochemistry 28,
2271–2281, doi: 10.1021/bi00431a045 (1989).
11. Manning, N. L. M. a. G. S. A Theory of DNA Dissociation from the Nucleosome. J. Mol. Biol. 254, 11 (1995).
12. Lee, D. Y., Hayes, J. J., Pruss, D. & Wolffe, A. P. A positive role for histone acetylation in transcription factor access to nucleosomal
DNA. Cell 72, 73–84, doi: 10.1016/0092-8674(93)90051Q (1993).
13. Ura, K., Kurumizaka, H., Dimitrov, S., Almouzni, G. & Wolffe, A. P. Histone acetylation: influence on transcription, nucleosome
mobility and positioning, and linker histone‐dependent transcriptional repression. Embo J 16 (1997).
14. Howe, L., Ranalli, T. A., Allis, C. D. & Ausió, J. Transcriptionally Active Xenopus laevis Somatic 5 S Ribosomal RNA Genes Are
Packaged with Hyperacetylated Histone H4, Whereas Transcriptionally Silent Oocyte Genes Are Not. Journal of Biological Chemistry
273, 20693–20696, doi: 10.1074/jbc.273.33.20693 (1998).
15. Shimko, J. C., North, J. A., Bruns, A. N., Poirier, M. G. & Ottesen, J. J. Preparation of fully synthetic histone H3 reveals that acetyllysine 56 facilitates protein binding within nucleosomes. Journal of molecular biology 408, 187–204, doi: 10.1016/j.jmb.2011.01.003
(2011).
16. Thoma, F., K, T. & Klug, A. Involvement Of Histone H1 In The Organization Of The Nucleosome and Of the Salt-dependent
Superstructures Of Chromatin. Cell 83, 24 (1979).
17. Ragab, A. & Travers, A. HMG-D and histone H1 alter the local accessibility of nucleosomal DNA. Nucleic acids research 31,
7083–7089 (2003).
18. Thoma, F., Koller, T. & Klug, A. Involvement of histone H1 in the organization of the nucleosome and of the salt-dependent
superstructures of chromatin. The Journal of Cell Biology 83, 403–427, doi: 10.1083/jcb.83.2.403 (1979).
19. Krishnakumar, R. et al. Reciprocal binding of PARP-1 and histone H1 at promoters specifies transcriptional outcomes. Science 319,
819–821, doi: 10.1126/science.1149250 (2008).
20. Narasimharao Nalabothula, G. M., Maiorano, John, Martin, Rebecca, Pritchard, Jonathan K. & Fondufe-Mittendorf, Yvonne N. The
chromatin architectural proteins HMGD1 and H1 bind reciprocally and have opposite effects on chromatin structure and gene
regulation. BMC Genomics 15, 14, doi: 10.1186/1471-2164-15-92 (2014).
21. Nightingale, K., Dimitrov, S., Reeves, R. & Wolffe, A. P. Evidence for a shared structural role for HMG1 and linker histones B4 and
H1 in organizing chromatin. The EMBO journal 15, 548–561 (1996).

Scientific Reports | 6:33186 | DOI: 10.1038/srep33186

9

www.nature.com/scientificreports/
22. Chandler, S. P., Guschin, D., Landsberger, N. & Wolffe, A. P. The Methyl-CpG Binding Transcriptional Repressor MeCP2 Stably
Associates with Nucleosomal DNA†. Biochemistry 38, 7008–7018, doi: 10.1021/bi990224y (1999).
23. Jaeger, A. W. & Kuenzle, C. C. The chromatin repeat length of brain cortex and cerebellar neurons changes concomitant with
terminal differentiation. The EMBO Journal 1, 811–816 (1982).
24. Skene, P. J. et al. Neuronal MeCP2 is expressed at near histone-octamer levels and globally alters the chromatin state. Molecular cell
37, 457–468, doi: 10.1016/j.molcel.2010.01.030 (2010).
25. Collins, A. L. et al. Mild overexpression of MeCP2 causes a progressive neurological disorder in mice. Human molecular genetics 13,
2679–2689, doi: 10.1093/hmg/ddh282 (2004).
26. Bernier, M. et al. Linker histone H1 and H3K56 acetylation are antagonistic regulators of nucleosome dynamics. Nature
communications 6, 10152, doi: 10.1038/ncomms10152 (2015).
27. Ghosh, R. P., Horowitz-Scherer, R. A., Nikitina, T., Shlyakhtenko, L. S. & Woodcock, C. L. MeCP2 binds cooperatively to its substrate
and competes with histone H1 for chromatin binding sites. Molecular and cellular biology 30, 4656–4670, doi: 10.1128/MCB.0037910 (2010).
28. Gazzar, M. E. et al. Chromatin-Specific Remodeling by HMGB1 and Linker Histone H1 Silences Proinflammatory Genes during
Endotoxin Tolerance. Molecular and Cellular Biology 29, 1959–1971, doi: 10.1128/mcb.01862-08 (2009).
29. Ragab, A. & Travers, A. HMG‐D and histone H1 alter the local accessibility of nucleosomal DNA. Nucleic Acids Research 31,
7083–7089, doi: 10.1093/nar/gkg923 (2003).
30. Zappavigna, V., Falciola, L., Citterich, M. H., Mavilio, F. & Bianchi, M. E. HMG1 interacts with HOX proteins and enhances their
DNA binding and transcriptional activation. EMBO Journal 15, 4981–4991 (1996).
31. Shimamura, A., Sapp, M., Rodriguez-Campos, A. & Worcel, A. Histone H1 represses transcription from minichromosomes
assembled in vitro. Molecular and Cellular Biology 9, 5573–5584, doi: 10.1128/mcb.9.12.5573 (1989).
32. Maria Chahrour, S. Y. J., Shaw, Chad, Zhou, Xiaobo, Wong, Stephen T. C., Qin, Jun & Y. Huda, Zoghbi MeCP2, a Key Contributor to
Neurological Disease, Activates and Represses Transcription. Science 320, 5 (2008).
33. Nuber, U. A. et al. Up-regulation of glucocorticoid-regulated genes in a mouse model of Rett syndrome. Human Molecular Genetics
14, 2247–2256, doi: 10.1093/hmg/ddi229 (2005).
34. Chen, L. et al. MeCP2 binds to non-CG methylated DNA as neurons mature, influencing transcription and the timing of onset for
Rett syndrome. Proceedings of the National Academy of Sciences of the United States of America, doi: 10.1073/pnas.1505909112
(2015).
35. Widom, P. T. L. a. J. New DNA Sequence Rules for High Affinity Binding to Histon Ocatmer and Sequence-directed Nucleosome
Positioning. J. Mol. Biol. 276, 19–42 (1998).
36. Lusser, A. & Kadonaga, J. T. Strategies for the reconstitution of chromatin. Nature methods 1, 19–26, doi: 10.1038/nmeth709 (2004).
37. Hill, D. A., Peterson, C. L. & Imbalzano, A. N. Effects of HMGN1 on Chromatin Structure and SWI/SNF-mediated Chromatin
Remodeling. Journal of Biological Chemistry 280, 41777–41783, doi: 10.1074/jbc.M509637200 (2005).
38. Luo, Y., North, J. A. & Poirier, M. G. Single molecule fluorescence methodologies for investigating transcription factor binding
kinetics to nucleosomes and DNA. Methods 70, 108–118, doi: 10.1016/j.ymeth.2014.09.011 (2014).
39. Luo, Y., North, J. A., Rose, S. D. & Poirier, M. G. Nucleosomes accelerate transcription factor dissociation. Nucleic Acids Res 42,
3017–3027, doi: 10.1093/nar/gkt1319 (2014).
40. Simon, M. et al. Histone fold modifications control nucleosome unwrapping and disassembly. Proceedings of the National Academy
of Sciences of the United States of America 108, 12711–12716, doi: 10.1073/pnas.1106264108 (2011).
41. Dyer, P. N. et al. Reconstitution of Nucleosome Core Particles from Recombinant Histones and DNA. 375, 23–44, doi: 10.1016/
s0076-6879(03)75002-2 (2003).
42. Huynh, V. A., Robinson, P. J. & Rhodes, D. A method for the in vitro reconstitution of a defined “30 nm” chromatin fibre containing
stoichiometric amounts of the linker histone. Journal of molecular biology 345, 957–968, doi: 10.1016/j.jmb.2004.10.075 (2005).
43. Poirier, M. G., Bussiek, M., Langowski, J. & Widom, J. Spontaneous Access to DNA Target Sites in Folded Chromatin Fibers. Journal
of molecular biology 379, 772–786, doi: 10.1016/j.jmb.2008.04.025 (2008).
44. Francis, N. J., Saurin, A. J., Shao, Z. & Kingston, R. E. Reconstitution of a Functional Core Polycomb Repressive Complex. Molecular
cell 8, 545–556, doi: 10.1016/S1097-2765(01)00316-1 (2001).
45. Dorigo, B., Schalch, T., Bystricky, K. & Richmond, T. J. Chromatin Fiber Folding: Requirement for the Histone H4 N-terminal Tail.
Journal of molecular biology 327, 85–96, doi: 10.1016/s0022-2836(03)00025-1 (2003).
46. Poirier, M. G., Oh, E., Tims, H. S. & Widom, J. Dynamics and function of compact nucleosome arrays. Nature structural & molecular
biology 16, 938–944, doi: 10.1038/nsmb.1650 (2009).
47. Saha, A., Wittmeyer, J. & Cairns, B. R. Chromatin remodelling: the industrial revolution of DNA around histones. Nature reviews.
Molecular cell biology 7, 437–447, doi: 10.1038/nrm1945 (2006).
48. Corona, D. F. et al. ISWI regulates higher-order chromatin structure and histone H1 assembly in vivo. Plos biology 5, e232, doi:
10.1371/journal.pbio.0050232 (2007).
49. Siriaco, G., Deuring, R., Chioda, M., Becker, P. B. & Tamkun, J. W. Drosophila ISWI regulates the association of histone H1 with
interphase chromosomes in vivo. Genetics 182, 661–669, doi: 10.1534/genetics.109.102053 (2009).
50. Albert, I. et al. Translational and rotational settings of H2A.Z nucleosomes across the Saccharomyces cerevisiae genome. Nature 446,
572–576, doi: 10.1038/nature05632 (2007).
51. Jiang, C. & Pugh, B. F. A compiled and systematic reference map of nucleosome positions across the Saccharomyces cerevisiae
genome. Genome biology 10, R109, doi: 10.1186/gb-2009-10-10-r109 (2009).
52. MacIsaac, K. D. et al. An improved map of conserved regulatory sites for Saccharomyces cerevisiae. BMC bioinformatics 7, 113, doi:
10.1186/1471-2105-7-113 (2006).
53. Xinsheng Nan, F. J. C. & Adrian, Bird MeCP2 Is a Transcriptional Repressor with Abundant Binding Sites in Genomic Chromatin.
Cell 88, 10 (1997).
54. Hansen, J. C., Ghosh, R. P. & Woodcock, C. L. Binding of the Rett syndrome protein, MeCP2, to methylated and unmethylated DNA
and chromatin. IUBMB Life 62, 732–738, doi: 10.1002/iub.386 (2010).
55. Ghosh, R. P., Horowitz-Scherer, R. A., Nikitina, T., Shlyakhtenko, L. S. & Woodcock, C. L. MeCP2 Binds Cooperatively to Its
Substrate and Competes with Histone H1 for Chromatin Binding Sites. Molecular and Cellular Biology 30, 4656–4670, doi: 10.1128/
mcb.00379-10 (2010).
56. Thoma, F., Koller, T. & Klug, A. Involvement of histone H1 in the organization of the nucleosome and of the salt-dependent
superstructures of chromatin. The Journal of cell biology 83, 403–427 (1979).
57. McBryant, S. J., Lu, X. & Hansen, J. C. Multifunctionality of the linker histones: an emerging role for protein-protein interactions.
Cell research 20, 519–528, doi: 10.1038/cr.2010.35 (2010).
58. Ramachandran, A., Omar, M., Cheslock, P. & Schnitzler, G. R. Linker histone H1 modulates nucleosome remodeling by human
SWI/SNF. The Journal of biological chemistry 278, 48590–48601, doi: 10.1074/jbc.M309033200 (2003).
59. Bonaldi, T., Langst, G., Strohner, R., Becker, P. B. & Bianchi, M. E. The DNA chaperone HMGB1 facilitates ACF/CHRAC-dependent
nucleosome sliding. EMBO J 21, 6865–6873 (2002).
60. Ner, S. S. et al. HMG-D and histone H1 interplay during chromatin assembly and early embryogenesis. The Journal of biological
chemistry 276, 37569–37576, doi: 10.1074/jbc.M105635200 (2001).

Scientific Reports | 6:33186 | DOI: 10.1038/srep33186

10

www.nature.com/scientificreports/
61. Woodcock, C. L., Skoultchi, A. I. & Fan, Y. Role of linker histone in chromatin structure and function: H1 stoichiometry and
nucleosome repeat length. Chromosome research: an international journal on the molecular, supramolecular and evolutionary aspects
of chromosome biology 14, 17–25, doi: 10.1007/s10577-005-1024-3 (2006).
62. Dragich, J. M., Kim, Y. H., Arnold, A. P. & Schanen, N. C. Differential distribution of the MeCP2 splice variants in the postnatal
mouse brain. The Journal of comparative neurology 501, 526–542, doi: 10.1002/cne.21264 (2007).
63. Fan, Y. et al. H1 linker histones are essential for mouse development and affect nucleosome spacing in vivo. Molecular and cellular
biology 23, 4559–4572 (2003).
64. Clegg, R. M. In Methods in Enzymology Vol. Volume 211 (ed Dahlberg, James E., Lilley, David M. J.) 353–388 (Academic Press,
1992).
65. North, J. A. et al. Regulation of the nucleosome unwrapping rate controls DNA accessibility. Nucleic Acids Res 40, 10215–10227, doi:
10.1093/nar/gks747 (2012).
66. Schwarz, P. M., Felthauser, A., Fletcher, T. M. & Hansen, J. C. Reversible oligonucleosome self-association: dependence on divalent
cations and core histone tail domains. Biochemistry 35, 4009–4015, doi: 10.1021/bi9525684 (1996).
67. Guse, A., Fuller, C. J. & Straight, A. F. A cell-free system for functional centromere and kinetochore assembly. Nature protocols 7,
1847–1869, doi: 10.1038/nprot.2012.112 (2012).
68. Grau, D. J. et al. Compaction of chromatin by diverse Polycomb group proteins requires localized regions of high charge. Genes &
development 25, 2210–2221, doi: 10.1101/gad.17288211 (2011).

Acknowledgements

We thank members of the Poirier laboratory for help and advice, provision of mononucleosome and 17-mer
NPS array plasmids; the Luger laboratory for the gift of the wild type human histone octamer; Dr. Kadonaga
for purified ISWI protein, the Research Communications Office at the University of Kentucky for editing the
manuscript, the protein core at the University of Kentucky for the purification of recombinant MeCP2 and
Drosophila histone H1; Dr. Elena Matveeva (University of Kentucky) for some experimental analyses The core
is supported by grant NIH/NIGMS COBRE grant P30 GM110787. This research was supported by grants to
CR (NIH/NINDS 1F31NS092418-01A1) and YNF-M (NIEHS 1R01ES024478, NSF 1517986, and IRSF 2923).
The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the
manuscript.

Author Contributions

Y.F.-M. and C.R. conceived the study and designed the experiments. C.R. and Y.F.-M. performed the experiments.
Y.F.-M. supervised the experimental and statistical analyses. C.R. and Y.F.-M. wrote the manuscript. All authors
read and approved the final manuscript.

Additional Information

Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Riedmann, C. and Fondufe-Mittendorf, Y. N. Comparative analysis of linker histone
H1, MeCP2, and HMGD1 on nucleosome stability and target site accessibility. Sci. Rep. 6, 33186; doi: 10.1038/
srep33186 (2016).
This work is licensed under a Creative Commons Attribution 4.0 International License. The images
or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/
© The Author(s) 2016

Scientific Reports | 6:33186 | DOI: 10.1038/srep33186

11

